Abstract: Grazing incidence X-ray diffraction measurements were performed on single hydrated bilayers and monolayers of DPPC:Cholesterol:POPC at varying concentrations. There are substantial differences in the phase and structure behavior of the crystalline domains formed within the bilayers relative to the corresponding monolayers, due to interactions between the opposing leaflets. Depending on the lipid composition, these interactions led to phase separation, changes in molecular tilt angle, or formation of cholesterol crystals. In monolayers, DPPC and cholesterol form a single crystalline phase at all compositions studied. In bilayers, a second crystalline phase appears when cholesterol levels are increased: domains of cholesterol and DPPC form monolayer thick crystals where each of the lipid leaflets diffracts independently, whereas excess cholesterol forms cholesterol bilayer thick crystals at a DPPC:Chol ratio < 46:54 ( 2 mol %. The nucleation of the cholesterol crystals occurs at concentrations relevant to the actual cell plasma membrane composition.
Introduction
Cell membranes possess lipid domains with different compositions and structures, which are important to cell functionality. [1] [2] [3] [4] Lipid domains were studied extensively during the past two decades. Several characteristics of the lipid molecules govern their phase and packing structure behavior in the lipid domains, including their chemical structure, molecular charge, and stereochemistry. There is specifically a growing interest in the interactions between the opposing leaflets forming the lipid bilayer. [5] [6] [7] [8] [9] [10] This study provides insights into such interactions in symmetrical artificial bilayers composed of cholesterol and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), specifically on the crystalline domains that exist in the lipid bilayer.
Cell membranes contain a large variety of lipid domains, some of which are referred to as "lipid rafts", because of their relative rigidity and stability. These were first studied through the detergent resistant membrane (DRM) phenomenon. [11] [12] [13] Comparisons between the lipid composition of the original membrane and its DRMs showed elevation in cholesterol (Chol) and sphingomyelin (SM) concentrations in the latter. This observation was explained by considering that the sphingolipids in the cell membrane have a larger portion of saturated alkyl chains relative to the glycerolipids; however, the DRMs also contain a significant amount of saturated glycerolipids. 12 Glycerophosphocholines are the most abundant lipid molecules in mammalian cells.
14 It is thus important to study domain mixtures of cholesterol and glycerolipids, as well as cholesterol and sphingolipids. Several studies have shown that DPPC, a saturated glycerolipid with a phosphocholine headgroup, forms mixed phases and ordered domains with cholesterol.
15-21
The phases formed by lipid assemblies are generally sorted into three main groups, 6 ,22 depending on the melting temperature; Liquid disordered (l d 10.1021/ja103975g  2010 American Chemical Society saturated alkyl chains. Liquid ordered (l o ) phases are characterized by an intermediate diffusion coefficient and may contain high levels of cholesterol. The nature of the domains formed in the phases described above are defined by their lipid composition, and their sizes can grow to micrometer scale under equilibrium conditions. 23 The l o and S o phases include crystalline domains detectable by X-ray diffraction.
16, [24] [25] [26] [27] [28] [29] Their coherence lengths are typically nanometers in the l o phase and tens of nanometers in the S o phase.
Grazing incidence X-ray diffraction (GIXD) is a method developed to probe the structure of two-dimensional crystals and can yield direct information on the organization of laterally ordered lipid sheets. 30, 31 To enable the measurement of the thin flat samples, the incidence X-ray beam is set at a grazing angle, to enhance the diffraction signal from the sample relative to scattering from its supporting substrate. These studies are generally performed on artificial lipid monolayers at the air/ water interface. Monolayers differ, however, from the single lipid bilayer constituents of the cell membrane, especially because the hydrophobic parts of the molecules are exposed to air and therefore do not interact with an opposing lipid leaflet. In bilayers, it is thus of fundamental interest to study the interactions between opposing leaflets, which were experimentally shown to influence membrane domain formation in model membranes.
5,7 Interdigitation of alkyl chains in the bilayer core, i.e. at the interface between the two lipid leaflets, was also suggested to occur. 32 GIXD measurements on single hydrated lipid bilayers were only recently conducted to successfully reveal crystalline order. [33] [34] [35] In our work 34 GIXD was performed on a single hydrated bilayer composed of SM:Chol:POPC, while maintaining the sample close to the dew point, such that the bilayer is completely hydrated. We study here, using the same method, the structure of lipid bilayers of DPPC:Chol:POPC, and we analyze the interactions between the opposing leaflets.
The cholesterol molecule participates in membrane structure and determines its mechanical and dynamical properties. Cholesterol is believed to be an essential component in the formation of functional ordered domains.
2 Its concentration was found to be as high as 20-45% of the phospholipids in the plasma membrane in mammalian cells.
14, 36 When accumulated by cells in excess, cholesterol was found to participate in several pathological phenomena 37,38 such as cataract 39 and atherosclerosis. 40 Large amounts of cholesterol monohydrate crystals are found in gall stones 41 and foam cells 42 at the site of atherosclerotic plaques. It seems that these crystals are an early cause rather than a late outcome of atherosclerosis inflammation. 43 The nucleation mechanism by which cholesterol crystals are formed in and around cells is not well understood. It was recently shown that cholesterol enriched macrophage cells form cholesterol crystals near the cytoplasm membrane, 44 and it was suggested that these crystals nucleate at the lipid membrane. 20, 40, 45 We hereby demonstrate that the nucleation of cholesterol crystals can occur within DPPC:Chol:POPC bilayers and discuss the conditions for nucleation.
Experimental Section
Bilayer Deposition. Silicon wafers (SESO, France) were treated with n-hexane, acetone, ethanol; left in Piranha for 20 min; and washed. Deposition of a first polymer cushion is by immersion of wafers in 1000 ppm polyethyleneimine (PEI) overnight. The minimum thickness of this layer is estimated to be 5 nm. 46 The desired proportion of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmotoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Avanti Polar Lipids), and cholesterol (>99% Sigma-Aldrich) was dissolved in chloroform and spread (∼50 µL) on a preheated Langmuir trough. Prior to spreading, cholesterol was purified by crystallization. 47 The temperature of the Langmuir trough was set to be higher than the melting temperature of the lipid composition, when possible, typically above 40-50°C. After 10 min (chloroform evaporation time) the lipid monolayer at the air-water interface is compressed to 30 mN/m. (Figure 1 ) The water is then drained out of the trough, lowering the lipid monolayer on top of a silicon/ quartz wafer covered with a polymer cushion which lies at the bottom of the trough. Some water remains sandwiched between the wafer and the lipid monolayer (Figure 1 ). This layer, though covered with a lipid monolayer, undergoes a slow evaporation. Once the water has almost completely evaporated, the wafer is lifted and placed upside down on top of a water-filled Teflon plate, placed in advance at the bottom of the trough, and now covered with a lipid monolayer as well. Once placed on the Teflon plate, the wafer is gradually cooled down to 4°C and kept so until AFM or GIXD experiments are performed.
Prior to the GIXD experiment a second PEI cushion layer is deposited on top of the bilayer by immersion in 1000 ppm PEI for 10 min and washed. Water comprises 85% of the PEI cushion volume. 46 The bilayer sample is constantly kept under either water or high humidity. After deposition of the PEI layer, the contact angle of the bilayer is 0°, while in the absence of PEI the contact angle is hydrophilic but higher than 30°. Samples which contain cholesterol molecules remain intact for long periods when 10% POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) is added to the mixture. POPC separates from cholesterol and DPPC 6 and does not participate in the crystalline domain structures, because of the presence of one kinked acyl chain.
AFM. AFM scans were performed with a BIOSCOPE (Veeco) or a Molecular Imaging PICO (Agilent Technologies) system under wet contact or tapping mode, using Silicon Nitride tips (Digital Instruments). Scan frequencies were typically 2-3 Hz, and a line resolution of either 256 or 512 was used.
Humidity GIXD Setup. A humidity chamber was designed and constructed at the Weizmann Institute and adapted to be mounted on beamline BW1 at the DORIS III Synchrotron DESY (Hamburg, Germany). The methodology was recently introduced and described. 34 Briefly, the sample is completely wet when placed inside the humidity chamber. A controlled evaporation process is then initiated to enable GIXD measurements. The temperature of the chamber walls is controlled by a circulating flow from a refrigerated bath, and the sample temperature is adjusted by a Peltier element. The chamber is filled with humidified helium. Relative humidity, gas temperature, and sample temperature are monitored and maintained by PID feedback loops. The measurements are performed under continuous control of temperature and humidity. Although this setup was designed for bilayer studies, it can be used on any two-dimensional crystal which requires hydration.
GIXD Measurements. A monochromatic X-ray beam (λ ) 1.304 Å) was adjusted to strike the sample surface at an incident angle R i ) 0.85R c , where R c is the critical angle for total external reflection for the He-silicon or the He-water interface for bilayer and monolayer setups respectively. The dimensions of the footprint of the incoming X-ray beam on the sample surface were 1 mm × 36 mm for silicon and 1 mm × 50 mm for water. GIXD signals were obtained from 2-D crystallites randomly oriented about the wafer surface normal in the form of a 2-D "powder". The scattered intensity was collected by means of a vertical position-sensitive detector, measuring q z ≈ 2π sin(R f )/λ, which is the out-of-plane component of the scattering vector. Measurements were performed by scanning the horizontal component, q xy ≈ 4π sin(2θ xy )/λ, of the scattering vector, where 2θ xy is the angle between the incident and diffracted beam projected onto the horizontal plane. The diffraction data are represented in two ways: (1) Bragg peaks I(q xy ) are the integral of the GIXD pattern I(q xy ,q z ) over q z ; (2) Bragg rod intensity profiles I(q z ) are the scattered intensity I(q xy ,q z ) integrated across the q xy range of each Bragg peak. The q xy positions of the Bragg peaks yield the lattice repeat distances d ) 2π/q xy , which may be indexed by the two Miller indices h,k to yield the unit cell. The full width at half-maximum (fwhm) of the Bragg peaks yields the lateral 2-D crystalline coherence length L xy ≈ 0.9(2π)/fwhm(q xy ). The Bragg rod profile along q z similarly gives a measure of the thickness of the crystalline film. Control studies on monolayers deposited at the air/water interface were performed at the same beamline using a liquid surface diffractometer. 31, 48 All measurements were performed at sample temperatures of ∼6-7°C.
Results
Bilayer samples were deposited at the HASYLAB synchrotron facility using a Langmuir trough (Figure 1) . From the moment of deposition and until the end of the measurements the sample is kept constantly under water. When placed inside the humidity chamber for GIXD measurements, the sample is covered with an ∼1 mm thick water layer, which subsequently undergoes evaporation under controlled conditions. Scattering calculations show that when the thickness of the condensed water layer on top of the lipid bilayer is lower than 1 µm, GIXD measurements can be successfully performed.
Throughout the diffraction measurements the sample is kept under high humidity (>94%). To avoid even local and temporary drying of the sample, the lipid bilayer is covered with a polyethyleneimine (PEI) layer with a thickness of a few to tens of nanometers. The highly hydrophilic PEI layer, deposited prior to GIXD measurements, adsorbs water guaranteeing the presence of a water reservoir that does not evaporate even at humidity <100%. Prior to extraction from the humidity chamber, a thick water layer is condensed on top of the sample. Samples are then characterized to ensure that no damage occurred to the bilayer sheet, during the process.
The conventional method to confirm the thickness of thin layer samples that are measured by GIXD is X-ray reflectivity. In the case of the hydrated lipid bilayer the sample is composed of a large number of blocks, including silicon, silicon oxide, polymer cushion, and the lipid bilayer that is composed of at least four varying electron density blocks, followed by a second polymer cushion. In addition to this complicated electron density profile, the top layer of water on the sample may vary over time according to relative humidity oscillations, all together making reflectivity scans an impractical method. In our case, therefore, AFM scans are deemed more reliable. 34 We note that the lipid bilayer samples were deposited at relatively high temperature (45-50°C) but were imaged by AFM (Figure 2) at ambient temperature. The surface pressure/area isotherms of DPPC at these two temperatures are significantly different, the area per molecule at any given pressure being higher at 45°C than at ambient T. Therefore, bilayer samples, which were deposited at high temperature and scanned at ambient T, contain empty regions at the boundaries of which the height profile of the deposited layer can be easily evaluated. The PEI cushion, which consists mostly of water, is soft and is easily displaced by the pressure of the tip; therefore, its effect on the height image measured by AFM is negligible. The AFM tip is, however, forced through the polymer, thus introducing some noise to the scan images. The height profiles of the images obtained from DPPC samples after GIXD measurements consistently show a sample thickness of 5-6 nm, corresponding to a single bilayer (Figure 2 ). Each sample was scanned at 3-5 arbitrary locations, millimeters apart. Unlike bilayers, the height profiles of supported wet monolayers display a thickness of ∼1-1.5 nm and a pronounced roughness ( Figure S1 ). AFM studies show that, in lipid bilayers which were not always fully hydrated, the bilayer structure is irreversibly damaged, and this is reflected in the AFM scans.
GIXD measurements were performed on both bilayer and monolayer systems with the following DPPC:Chol:POPC compositions: 100:0:0, 72:18:10, 54:36:10, and 36:54:10. POPC is introduced only to extend the bilayer stability in time but does not mix with cholesterol and DPPC. Figure 3 shows the Bragg peaks of bilayers and monolayers, extracted from the diffraction data. The intensities of the Bragg peaks were independently normalized for convenience (the un-normalized data is shown in Figure S2 ). Each of the GIXD scans is composed of several diffraction peaks. Data were fitted using Voight functions, and the separated peaks are shown in Figure  3c , d for bilayer and monolayer accordingly.
The lipid samples form several phases, all of which were identified previously by GIXD on a Langmuir trough, 16, 21, 49 i.e. at the air/water interface. For convenience, the separated Bragg peaks are colored according to their phases: pure DPPC (black), mixed DPPC:Chol (blue), and pure Chol (red). For the 100:0:0 and 72:18:10 compositions both the monolayer and the bilayer samples show one crystalline phase. At 72:18:10 the GIXD patterns of the bilayer and the monolayer are similar, and thus also are their molecular arrangements, yet the molecular tilt, deduced from the fwhm of their Bragg rods (Figure 4a,b) , is distinctively lower in the bilayer system. The molecular tilt in the monolayer is 26°whereas in the bilayer it is 5° (Table 1) . Increasing the concentration of cholesterol to 36% yields in the monolayer a new wide peak which belongs to the DPPC:Chol mixed phase, positioned at q xy ) 1.39 Å -1 . In the bilayer, however, even though the composition is identical to that of the monolayer, two crystalline phases coexist. The position of the mixed phase peak at q xy ) 1.33 Å -1 is distinctly lower than that in the monolayer sample. This shift to lower q xy is indicative of a lower DPPC:Chol ratio in the mixed phase, is in agreement with the observed formation of a second crystalline phase composed mainly of DPPC, identified by two Bragg peaks located at q xy ) 1.41, 1.51 Å -1 . At the increased cholesterol concentration of 54% the GIXD pattern also shows a different phase behavior between the monolayer and the bilayer. The monolayer yields one broad peak, which belongs to a mixed phase. Its position at q xy ) 1.25 Å -1 indicates that the monolayer has a higher cholesterol concentration than the monolayer composed of 36% cholesterol. On the other hand, the position of the broad mixed phase peak in the bilayer is at q xy ) 1.31 Å -1 , indicating that the domains formed by the mixed phase in the bilayer have a higher DPPC: Chol ratio than those observed in the monolayer. The remaining cholesterol gives rise to the two sharp Bragg peaks located at q xy ) 1.04, 1.23 Å -1 , which belong to a crystalline cholesterol phase with a high coherence length of 60 nm.
As a bilayer, the exocyclic chains of the cholesterol molecules are partially interdigitated, leading to a well packed structure with a high coherence length and a rectangular 10 × 7.5 Å 2 unit cell. 49 This unit cell structure corresponds to the bilayer of the macroscopically metastable phase of Chol · H 2 O. 49 The Bragg rods of the GIXD peaks (Figure 4g ), which are fingerprint evidence of the bilayer motif, yield a thickness of 35 ( 1.3 Å, deduced from their fwhm. In contrast, the Bragg rods from the mixed DPPC:Chol and pure DPPC structural films, shown in Figure 4a -f, belong to crystalline phases with thicknesses of less than 20 Å corresponding to monolayers. The position along q z of the Bragg rods of all the mixed phases show that the molecules are aligned essentially perpendicular to the membrane plane. The tilt angle of the alkyl chains in the pure DPPC phase varies significantly in the bilayer, depending on the cholesterol concentration; in the monolayer structures the tilt is distinctly higher, varying little as a function of cholesterol concentration (Table 1) .
The position of the Bragg peak of the mixed DPPC:Chol phase changes linearly with the composition ratio. 21 We can then deduce from the position of the mixed phase peak in the bilayer at 40% cholesterol total composition that the DPPC: Chol ratio in the mixed domains is 51:49 mol %. The position of the Bragg peak along q xy of the mixed DPPC:Chol domain barely shifts when increasing the cholesterol concentration from 40 to 60 mol %, yielding a composition of 48:52 mol % for the mixed phase. Therefore this is likely to be the nucleation ratio for formation of cholesterol bilayer crystals.
An estimate of the threshold DPPC:Chol ratio required for nucleation of cholesterol may also be made utilizing the Bragg peak intensities. In the previous study that we conducted on SM:Chol mixtures in bilayers, X-ray diffraction from the cholesterol bilayer was observed at both 40:60 and 60:40 SM: Chol ratios. 34 The composition where cholesterol nucleation occurs was determined then by extrapolating to zero the intensity of the cholesterol Bragg peaks. In the DPPC:Chol system, cholesterol bilayer diffraction was observed only for the 40:60 ratio; therefore no intensity extrapolation can be made. Nevertheless, by assuming a similar dependence of the cholesterol diffraction intensity on composition as in the SM:Chol system, the nucleation ratio is evaluated to be 44:56 mol %.
Both methods mentioned above, although based on assumptions, result in similar values of 52 and 56 mol %. We thus estimate that cholesterol nucleation in DPPC:cholesterol bilayer mixtures occurs at 54 ( 2 mol % cholesterol at 7°C.
Discussion
We have compared the structures of crystalline domains and the phases formed in monolayers and bilayers composed of DPPC:cholesterol:POPC mixtures at several cholesterol concentrations. As POPC does not mix well with DPPC and cholesterol at 7°C, we shall refer below, for simplicity, to DPPC:cholesterol proportions within the mixed domains only.
The differences in phase behaviors between the monolayer and bilayer are schematically illustrated in Figure 5 . At 20 mol % cholesterol, the molecular tilt was found to be lower in the bilayer system relative to the monolayer, but the same DPPC phase is formed in both systems. At 40% mole cholesterol, the monolayer is composed of one mixed DPPC:Chol phase, whereas in the bilayer phase separation occurs into a mixed DPPC:Chol phase and a DPPC phase. At 60 mol % cholesterol, again phase separation occurs in the bilayer, but this time between a mixed DPPC:Chol phase and a cholesterol bilayer crystal. This indicates that the DPPC:Chol miscibility range in symmetrical bilayers is less than 20%.
Interestingly, the DPPC crystalline phase in the bilayer containing 60% DPPC has sharper peaks relative to the DPPC phases in the bilayer samples with lower cholesterol concentrations; in other words a dramatic increase in the coherence length from 40 Å to 240 Å in the direction of d* {11} and from 110 Å to 220 Å in the d* {02} direction (see Table 1 ) is observed, as deduced from the fwhm values (Figure 3c ). The 60% DPPC bilayer has two coexisting phases, which introduces a line tension between their domains. This line tension is likely to drive the system to form larger crystalline domains, by minimizing their boundaries, therefore increasing the coherence lengths.
To understand the reason for the observed phase separation of cholesterol in the bilayer system, let us consider first the crystalline behavior of sphingolipids; When spread at the air-water interface, ceramide C16 (Chart 1) spontaneously forms crystalline domains even at negligible surface pressure. 24, 51 Sphingomyelin, however, which consists of a ceramide backbone esterified with a phosphocholine headgroup, does not form crystalline monolayer domains, unless it is subjected to high compression. 16, 29 This lack of self-assembly was attributed to the large hydrophilic headgroup of SM, which disturbs the molecular packing, leading to the "umbrella effect" hypothesis.
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A corollary of this concept is that molecules with small head groups such as cholesterol or ceramide readily form mixed phases with SM, because they dilute the interactions between the SM bulky head groups. DPPC is similar to SM in the head group and the alkyl chain length but differs in the backbone chemistry. Unlike SM, DPPC does, however, spontaneously form crystalline domains at the air-water interface at negligible surface pressure.
The driving force of DPPC to form stable crystalline domains suggests that DPPC should tend to phase separate from cholesterol to crystallize at a lower concentration than that of SM, which cannot self-assemble into crystals. This suggestion may explain why, in the bilayers with an overall composition of DPPC:Chol ) 60:40, DPPC separates from the DPPC:Chol mixture and forms a pure phase, whereas, in the corresponding bilayers with composition SM:Chol ) 60:40, no pure SM phase separation is observed. The logic of this argument would suggest similar phase separation behaviors in monolayers composed of mixed DPPC:Chol and SM:Chol. However, as monolayers, both systems have only one crystalline phase at all ratios. The phase separation observed in the bilayers thus must be rather due to interactions between the opposing leaflets.
The cross section of the DPPC molecule is composed of two alkyl chains with an area of ∼20 Å 2 each. The widest average cross section of the rigid moiety of the steroid in the cholesterol molecule is ∼38 Å 2 , whereas its branched exocyclic chain has a cross-sectional area of ∼28 Å 2 . The crystalline domains formed in the mixed phase in both monolayers and bilayers are 10-13 Å thick (see Table 1 ), which corresponds to the length of the steroid moiety only, indicating that the alkyl chains of DPPC are likely to be packed well with the steroid moiety but not with the exocyclic chains.
The crystalline domains in the DPPC monolayer have a chain tilt of 27°, which remains the same when the cholesterol levels are increased to 20%. In the bilayer the tilt is 21°at 100% DPPC and is decreased further to 5°when increasing the cholesterol levels to 20%. We deduce from these data that the interaction of an opposing leaflet in the bilayer is accompanied by interactions between the molecule extremities, presumably by filling the voids between molecules. The thicknesses of all the mixed phase crystalline domains, both monolayer and bilayer, are in the range of 10.4-13.4 Å. This thickness indicates that the domains in the opposing leaflets diffract independently and no repetitive structural correlations exist there. Interactions between the leaflets made by partial interdigitation in the crystalline domains are not trivially formed since this would require appropriate alkyl chain orientation and packing registry between the opposing leaflets, demanding, at least, 2-fold symmetry operation. Whether or not the crystalline domains in opposing leaflets are independently arranged or coupled by any short-range correlation between leaflets remains unclear.
In contrast to the mixed phase, partial interdigitation is observed in the cholesterol bilayer crystals. These are formed by virtue of interplay between the lateral packing requirements of the rigid steroid and flexible exocyclic moieties, and the interlayer contact between exocyclic moieties at the interface of the two leaflets, yielding 35 Å thick crystals.
The threshold value at which cholesterol starts forming a crystalline bilayer in DPPC:Chol bilayers is 54 mol %, which is significantly higher than that in SM:Chol bilayers where cholesterol crystal nucleation occurs at 38 mol %, measured under the same conditions. The sphingoid backbone of SM has two hydrogen donor groups, hydroxyl and amide, which are not present in the glycerol backbone of DPPC. It is conceivable that the cholesterol hydroxyl group may interact with these groups, thus affecting the positioning of the cholesterol perpendicular to the bilayer surface.
Using molecular dynamics simulations, T. Rog et al. showed that the average distribution of the cholesterol location in one leaflet of the DPPC:Chol bilayer system is 1.6 Å further away from its opposing cholesterol molecule in the other leaflet than in the SM:Chol system. 53 They also suggested that the DPPC: Chol bilayer is less dynamic in terms of the cholesterol oscillations along the membrane perpendicular axis. The consequence of these differences between the SM:Chol and the DPPC:Chol bilayers is that cholesterol molecules in the former bilayer will more frequently make contact and interdigitate, nucleate, and subsequently form cholesterol bilayer crystals.
The position of the Bragg peak of the mixed DPPC:Chol phase changes linearly with the composition ratio. 29 We can then deduce from the position of the mixed phase peak in the bilayer at 60% cholesterol total composition that the DPPC: Chol ratio in the mixed domains is 46:54 mol %. Assuming that the system is isotropic and homogeneous, and that the coherence length equals the crystalline domain size, we can calculate by knowing the total lipid composition that the average distance between cholesterol bilayer crystals is 500 ( 250 nm.
The bilayer cholesterol crystals are not expected to dissolve at body temperatures, although their nucleation threshold in terms of cholesterol composition is likely to be higher than that at 7°C. When these bilayers become stacked via interleaving H-bonded water molecules the resulting monoclinic cholesterol monohydrate structure spontaneously transforms into the thermodynamically stable triclinic monohydrate phase, 45 which incorporates the 12.4 × 12.4 Å 2 bilayer motif, and exists as a three-dimensional crystal. Thus, it is conceivable that once formed within the biomembrane the two-dimensional cholesterol crystals, incorporating the 10 × 7.5 Å 2 bilayer motif, serve as nucleating domains, which eventually lead to the formation of three-dimensional cholesterol crystals. Cholesterol is found in large amounts at the cytoplasm membrane and can reach levels as high as 45 mol % of the total lipid composition. The cholesterol is unlikely to be spread homogeneously, especially because the membrane is largely composed of unsaturated lipids that tend to phase separate from it. Therefore, locally, cholesterol concentrations can be presumably much higher.
Concluding Remarks
We have monitored here the consequences of interactions between opposing leaflets in a lipid bilayer composed of cholesterol and DPPC separated by immiscible POPC disordered areas. Depending on the lipid composition, the interactions between leaflets led to phase separation, changes in molecular tilt angle, or formation of cholesterol bilayer thick crystals. The cholesterol bilayer crystals begin to form with a DPPC:Chol ratio of 46:54 ( 2 mol %, and the interplay between intra-and interlayer interactions, stabilized by partial interdigitation of the exocyclic chains, leads to bilayer crystallinity. Structural interdigitation was not observed for other phases. Similar phase separation of cholesterol into bilayer crystals was observed also in cholesterol:sphingomyelin bilayer domains at cholesterol concentrations above 38%. We argue that in both systems the nucleation of the cholesterol crystals occurs at concentrations relevant to the actual cell plasma membrane composition. The formation of bilayer thick crystalline domains in the membrane may lead to nucleation of 3D cholesterol crystals under appropriate conditions.
